We demonstrate a compact diode-pumped Yb:KGW femtosecond oscillator-Yb:YAG Innoslab amplifier master oscillator power amplifier (MOPA) with nearly transform-limited 636 fs pulses at 620 W average output power, 20 MHz repetition rate, and beam quality of M x 2 ¼ 1:43 and M y 2 ¼ 1:35. By cascading two amplifiers, we attain an average output power of 1:1 kW, a peak power of 80 MW, and a 615 fs pulse width in a single linearly polarized beam. The power-scalable MOPA is operated at room temperature, and no chirped-pulse amplification technique is used.
With ultrafast (τ < 1 ps) lasers already established as a versatile tool for applications in science and industry, demands on ultrafast light sources are now increasing in terms of reliability, flexible repetition rate, power, and price. Mainly owing to the improvements of power and brightness of laser diodes, new solid-state laser designs, such as thin-disk, fiber, and partially pumped slab lasers (Innoslab), have become established in addition to rod lasers within the past decade. These configurations capable of kilowatt average power are now paving the way to ultrafast lasers of much higher average power than the familiar Ti:sapphire lasers.
In scientific applications, ultrafast laser radiation of high average power at high repetition rates is useful to improve the signal-to-noise ratio of measurements. The fields of use are efficient frequency conversion, optical parametric amplification [1] , or high-harmonic generation [2] . In many areas of micromachining, the quality benefit of ultrafast laser materials processing is widely recognized. Nonetheless, mostly economic reasons, i.e., cost per watt, maintenance requirements of the laser source, and process speed, limit the industrial use of ultrafast lasers today. To overcome these restrictions, the average power of the laser source has to be scaled to the 100 W level or even higher by pulse energy or pulse repetition rate without adding complexity.
By increasing laser fluence far above the ablation threshold, the favorable processing results of ultrafast lasers get lost [3] . In practice, pulse energies in the range of 1-100 μJ are appropriate for typical focusing conditions. Scaling the average power by an increased repetition rate at constant pulse energy instead, high scanning speeds are necessary, as the pulse overlap has to be controlled to avoid thermalization of the process, which leads to a reduced ablation quality [4] .
Combining high average and peak power, subpicosecond pulse duration, and diffraction limited beam quality is still challenging for all laser architectures [5] . Despite impressive progress in thin-disk laser technology for oscillators [6] , power scaling of ultrafast lasers to the multi 100 W level will most likely be done by master oscillator power amplifier (MOPA) configurations. With thin-disk lasers, average powers of 75 W and 32 W have been demonstrated using a regenerative and multipass setup, respectively [7, 8] . Amplifiers based on Innoslab and fiber technology have already demonstrated nearly diffraction limited 400 W and 830 W average power at ∼700 fs pulse duration [5, 9] .
An Innoslab amplifier consists of a longitudinally partially pumped slab crystal [5] . The thin gain volume matches the beam characteristics of the laser diode bars. The short distance between the pumped gain volume and the large cooled mounting surfaces allows for efficient heat removal (Fig. 1) . One-dimensional heat flow establishes a homogeneous cylindrical thermal lens and avoids depolarization. Two cylindrical mirrors fold the laser radiation several times through the gain volume ( Fig. 1 ). In the plane of the pump line, the beam is expanded by a constant factor each time it passes through the laser crystal. In the perpendicular plane, the thermal lens reproduces the laser mode on every round trip. The beam expansion balances the power increase and keeps the intensity constant across the gain volume.
Innoslab amplifiers with an output power of 360-400 W have been realized at repetition rates of 100 kHz, 1 MHz, 20 MHz, 76 MHz, and 584 MHz at ∼700 fs pulse duration [5, 10] . In these setups, two horizontal stacks of four collimated laser diode bars (JOLD-480-HSC-4L) provide up to 2 × 480 W of pump power. In the setup presented here, we replaced the two horizontal laser diode stacks by more powerful ones (JOLD-720-HSC-4L), providing up to 660 W at λ p ¼ 940 nm each. The radiation is imaged into a planar waveguide for homogenization in the slow axis (Fig. 2) . Afterward, the exit of the waveguide is imaged by relay optics into the 1 mm × 10 mm × 10 mm Yb:YAG crystal (2.5% doping level). In the fast axis, the collimated laser diode bars are imaged into the middle of the slab, adapting the beam parameters by two cylindrical lenses [5] .
The two pump modules enclose the cavity of the amplifier in Fig. 2 . This confocal cavity (magnification M ¼ 1:6) consists of two cylindrical mirrors and two plane dichroic folding mirrors. Because of its length being only 35 mm, the cavity is very compact and stable. In addition, temperature stabilization by water cooling of the whole setup ensures stable longtime operation. The amplifier was seeded by a Yb:KGW oscillator of P s ¼ 2 Fig. 3(a) ].
Only a spherical telescope and a focusing lens are used for mode matching to the amplifier mode without any cylindrical beam transformation. An optical isolator is inserted to protect the oscillator against feedback from the amplifier. Up to P ¼ 620 W of linearly polarized femtosecond radiation was extracted from the amplifier [ Fig. 3 (c)] at P s ¼ 2:3 W seed power and 2 × 200 A diode current corresponding to a total of P P ¼ 1250 W pump power. An optical slope efficiency η oo ¼ 0:65 is reached above a threshold pump power of 300 W.
After seven passes inside the 10-mm-long laser crystal, the pulses of τ ¼ 636 fs duration (FWHM, sech 2 fit) remain nearly transform limited (τΔv ¼ 0:365) without compression [ Fig. 3(b) ]. At a 20 MHz repetition rate and E ¼ 31 μJ pulse energy corresponding to a B-integral of 1.6, no sign of spectral broadening by self-phase modulation or background radiation is visible. The maximum peak intensity inside the amplifier is ∼10 G W cm −2 . Gain narrowing reduces the spectral bandwidth Δλ s ¼ 4:2 nm of the oscillator to Δλ ¼ 1:97 nm behind the amplifier [ Fig. 3(a) ]. After amplification, a cylindrical telescope transforms the radiation into a circular beam. The beam quality was measured (Spiricon M2-200/v.4.2, second momentum method) to be M x 2 ¼ 1:43 and M y 2 ¼ 1:35, respectively, at P ¼ 620 W output power [ Fig. 3(d) ]. Selflasing of the amplifier is suppressed by the seed radiation at seed powers as low as P s ¼ 1 W.
For even higher output power, two or more amplifiers can be cascaded. In the experiment, the MOPA, based on an oscillator and a seven-pass Innoslab amplifier described above, is combined with a single-pass booster amplifier (Fig. 2) . Except for the cavity mirrors, both the booster stage and seven-pass amplifier have the same setup. The output of the first amplifier is imaged through three spherical lenses in the fast axis telecentrically to the second amplifier in such a way that an eighth pass is added to the first stage. In the slow axis, the output of the first stage defined by the geometric margins of the cavity mirrors and slab crystal is matched by two cylindrical lenses to the 10 mm width of the slab crystal in the second stage. The imaging ensures power independent mode matching of the second amplifier stage. The high output power of the first stage allows for efficient power extraction out of the second stage using one pass. The single pass in the second stage only slightly increases the B integral to B ¼ 1:8.
Up to P ¼ 1:1 kW of linearly polarized femtosecond radiation was extracted from the amplifier [Fig. 4(c) ] at P s ¼ 2:3 W seed power and 2 × 200 A diode current in the first stage and 2 × 190 A diode current in the second stage, corresponding to P P ¼ 1250 þ 1180 W pump power. The corresponding peak power at the repetition rate v ¼ 20 MHz is P max ¼ P=ðvτÞ · lnð1 þ ffiffi ffi 2 p Þ ¼ 80 M W. For higher pump power in the second stage, the absorbed power decreases by the thermal wavelength shift of the laser diodes to >943 nm. An optical slope efficiency of η oo ¼ 0:62 is reached above a threshold pump power of 670 W. The two stages exceed a gain of unity for pump powers of 140 W or 120 W.
After 7 þ 1 passes, the laser pulses of τ ¼ 615 fs duration (FWHM, sech 2 fit) are almost transform limited (τΔv ¼ 0:362) without compression [ Fig. 4(b) ]. At a 20 MHz repetition rate and pulse energy of E ¼ 55 μJ, no sign of self-phase modulation, background radiation, or lasing of the amplifier is visible. Gain narrowing Fig. 2 . Single-and dual-stage amplifier setup. Output power and beam quality will be slightly improved by a refined heat sink design and soldering. With a suitable seed source with an average power of >10 W and five passes inside the first amplifier, pulse energies up to E p ¼ 100 μJ at 10 MHz repetition rate and B integral of B < 2:5 should be attainable without chirpedpulse amplification (CPA). With CPA and stretching to 1 ns, some 10 mJ at >10 kHz repetition rate are expected to be feasible [10] . The ultimate subpicosecond laser probably utilizes a fiber oscillator, pulse picker, and fiber preamplifier to reach the watt level; an Innoslab amplifier for amplification to the kilowatt level; and a thin-disk multipass amplifier for attaining the multikilowatt level at an adjustable repetition rate and almost diffractionlimited beam quality.
Laser materials other than Yb:YAG with comparable thermal properties but broader gain bandwidth, such as Yb:Lu 2 O 3 , promise shorter pulse durations down to τ < 400 fs. Nonlinear postcompression by spectral broadening in a nonlinear waveguide and removing the linear chirp by a compressor already allows pulse durations of τ < 50 fs. With the Innoslab MOPA and nonlinear postcompression in a large-mode-area silica fiber, pulse energies up to 2 μJ, average powers up to 94 W, and pulse durations as short as 33 fs have been achieved at a beam quality of M 2 < 1:5. For higher pulse energies (>100 μJ) a gas-filled capillary can be used for the nonlinear medium [2] . Optical parametric chirped-pulse amplification (OPCPA) and subpicosecond pump pulses enable even shorter pulses. Because of low absorption in the nonlinear crystals, OPCPA has the potential of sub-10 fs pulses at average powers in the 100 W regime [11] . 
